The general order of the immunoglobulin (Ig) gene rearrangement process in human precursor-B cells is largely known. However, the exact Ig rearrangement patterns reflecting this process, especially those of the Ig light chain genes, are not well established. This requires detailed analysis of the gene configuration of all six IGH, IGK and IGL alleles at the single cell level. As such extensive analyses are difficult to perform in a reliable way within a single normal precursor-B cell, we used 169 precursor-B-ALL (ie six pro-B-ALL, 112 common ALL, and 51 pre-B-ALL) as clonal 'single cell' model system. The Ig gene recombinations show hierarchy starting with IGH gene rearrangements in all cases, followed by IGK rearrangements, IGK deletions and/or IGL rearrangements in 71% of cases. IGK deletions were found in the absence of IGL rearrangements in 34% of cases, which might be explained by the continuous recombinase activity in precursor-B-ALL, resulting in 'endstage' IGK rearrangements, together with an apparently limited accessibility of the IGL locus. Remarkably, in 5% of cases IGL rearrangements took place in the absence of IGK rearrangements. In addition we found that in-frame IGH rearrangements are not necessarily required for the induction of Ig light chain gene rearrangements and that IGL rearrangements can be induced irrespective of the frame of the accompanying IGK rearrangements. In conclusion, precursor-B-ALL constitute a model system for studying Ig gene rearrangement processes without selection for functionality of the rearrangements or the influence of somatic hypermutations. Nevertheless, the hierarchy of IGH, IGK and IGL rearrrangements is apparent in precursor-B-ALL.
Introduction
During normal human B cell differentiation immunoglobulin (Ig) genes undergo V(D)J recombination, in order to express a unique antigen specific receptor. This process is tightly regulated with respect to the stage of B cell differentiation and the accessibility of IGH, IGK and IGL loci. [1] [2] [3] The Ig gene recombination process starts at the pre-B-I cell stage with a D H -J H rearrangement followed by V H to D H -J H joining. 4, 5 As soon as a complete in-frame V H -D H -J H rearrangement is formed, Ig is expressed in the cytoplasm (CyIg), which is characteristic for the pre-B-II stage, and the recombination activating genes (RAG genes) are down-regulated. Subsequently, a pre-B-cell receptor (pre-BCR) consisting of the Ig heavy chain and the surrogate light chain is expressed on the membrane. After a proliferation phase, the surrogate light chain is down-regulated. During this stage (small pre-BCR Ϫ pre-B-II cells), the RAG genes are re-expressed and Ig light chain gene rearrangements take place. As soon as a functional rearrangement Although the general order of Ig gene rearrangements is known, the exact configuration patterns of the Ig light chain genes during precursor-B-cell differentiation are not known. This would require analyses of both IGH alleles and particularly both alleles of the IGK and IGL loci at the single cell level. Such extensive analyses are difficult to carry out reliably at the single cell level, but can be performed on human clonal lymphoid cell populations. These can be regarded as 'single cell' model systems allowing complete and exact analysis of all Ig gene alleles by Southern blot analysis, PCR and sequencing.
In a previous study, chronic B cell leukemias (CBL) were used as single cell model for Ig expressing mature B cells, about half of which contain somatic mutations in the rearranged V regions. 6, 7 We found an ordered model for Ig light chain gene rearrangements: the Ig light chain gene recombination process starts within the IGK locus, followed by IGK deletion(s) and rearrangements in the IGL genes. This order of the rearrangements guaranteed allelic exclusion of Ig light chain genes in Ͼ90% of CBL cases.
In this study we investigated whether or to what extent the different subgroups of precursor-B-acute lymphoblastic leukemias (precursor-B-ALL) can be used as a 'single cell' model system for early stages of B cell differentiation (pro-B cells and pre-B cells) in the bone marrow, with respect to the patterns of Ig gene recombination. Precursor-B-ALL can be divided in three subgroups: pro-B-ALL, common ALL, and pre-B-ALL based on their expression profiles. The immunophenotype of pro-B-ALL corresponds with a differentiation stage between pro-B cells and pre-B-I cells, because pro-B-ALL already express CD19, which is not found on normal pro-B cells, but do not yet express CD10-like pre-B-I cells. The immunophenotype of common ALL reflects that of pre-B-I cells and pre-B-ALL are comparable to pre-B-II cells. One of the characteristics of precursor-B-ALL is the continuous presence of the recombinase enzyme system. 8, 9 This implies that the immunogenotypes (Ig rearrangement patterns) of precursor-B-ALL might slightly differ from normal precursor-B cells.
Materials and methods

Patient samples
A series of 169 precursor-B-ALL consisting of six pro-B-ALL, 112 common ALL and 51 pre-B-ALL were studied. The configuration of IGH, IGK and IGL genes was reported in previous studies for 74, 111 and 76 patients, respectively.
Southern blot analysis of Ig gene rearrangements
Southern blot analysis of 169 precursor-B-ALL was performed to determine the configuration of IGH, IGK and IGL loci. 15 g of DNA was digested with BglII or a combination of BamHI and HindIII (Life Technologies, Rockville, MD, USA), separated in 0.7% agarose gels and transferred by vacuum blotting to Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany). The filters were hybridized with 32 P-labeled probes. The probes were specific for the regions of J H (IGHJ6), J (IGKJ5), C (IGKC) and Kde (IGKDE) (DAKO Corporation, Carpinteria, CA, USA). 11, 12 To study IGL alleles, IGLC1D and IGLJ2 probes were used. 13 
PCR heteroduplex analysis
The 100-l PCR mixture contained 0.2 mM dNTPs (Pharmacia, Uppsala, Sweden), 13 pmol of each primer, 1U AmpliTaq GOLD polymerase in buffer II (Applied Biosystems, Foster City, CA, USA), 1.5 mM MgCl 2 , and 100 ng genomic DNA. Family specific V H , V and V primers were used in combination with consensus J H , J and J primers, respectively. 6 PCR conditions were 10 min at 94°C followed by 40 cycles of 1 min at 94°C, 1 min at 60°C, 2 min at 72°C and a final extension of 7 min at 72°C. PCR products were further analyzed by heteroduplex analysis to determine whether the PCR products were derived from clonal or polyclonal rearrangements.
14 A selected number of cases was studied by RT-PCR analysis using the same family specific V primers in combination with C, C or C exon primers.
Sequencing
A total of 68 clonal PCR products from complete IGH rearrangements derived from two pro-B-ALL, 28 common ALL, and 17 pre-B-ALL were directly sequenced on an ABI 377 fluorescent cycle sequencer (Applied Biosystems) with Dye Terminator mix or Big Dyes (Applied Biosystems) using family-specific V H primers and a J H consensus primer. All sequences were derived from two independent PCR products.
From the randomly selected series of 13 common ALL and 10 pre-B-ALL not only the clonal V H -J H rearrangements were sequenced, but also the clonal light chain rearrangements (V-J and/or V-J). Segments were identified using DNA-PLOT software (W Mü ller, H-H Althaus, University of Cologne, Germany) via VBASE and IMGT databases (http://imgt.cnusc.fr:8104). 15 Subsequently, the frame of the rearrangement and the mutation status were determined.
Results
IGH gene configurations
In 86% (146/169) of precursor-B-ALL both IGH alleles were rearranged. In the pre-B-ALL group even 100% had biallelic IGH rearrangements (Table 1) . One of the six pro-B-ALL had one rearrangement in combination with an IGH deletion. 80% of common ALL had biallelic IGH gene rearrangements. IGH gene deletions were found in 20 common ALL on one allele (16 cases) or both alleles (four cases).
In 39% of cases with two rearrangements oligoclonality was observed in concordance with what was previously Leukemia Table 1 IGH gene configuration of the three categories of precursor-B-ALL
Total precursor-B-ALL 146 1 17 4 (n ϭ 169) (39%)
described. 16, 17 The frequency of oligoclonality was significantly higher in pre-B-ALL (51%) as compared to common ALL (31%) (P ϭ 0.006); the pro-B-ALL series was too small to draw any statistical conclusion.
Analysis of somatic mutations in IGH gene rearrangements
A total of 68 complete IGH rearrangements derived from two pro-B-ALL, 28 common ALL, and 17 pre-B-ALL patients, were sequenced. Thirty percent of these rearrangements appeared to be in-frame; they were found in both pre-B-ALL and common ALL. No somatic mutations were found in any of these 68 rearrangements. The generated sequences will be available upon request.
IGK and IGL gene configurations
At first glance, no apparent recombination pattern emerged from the combined IGK and IGL Southern blot data in precursor-B-ALL (Table 2) . To evaluate whether recombinations in the Ig light chain loci occur in an ordered way, the IGK/IGL recombination patterns were categorized. Six categories were defined according to the ordered recombination model found in CBL (Table 3) . 6 Category A: both IGK and both lGL alleles in germline configuration; category B: at least one rearrangement at the IGK locus with the second allele in germline configuration, rearranged or deleted; category C: cases without functional IGK rearrangements, but with one or two IGK deletions; category D: one or two IGK alleles rearranged and at least one IGL allele rearranged; category E: at least one IGK allele deleted and at least one IGL allele rearranged; category F: cases without IGK rearrangements or deletions, but with IGL rearrangements.
Twenty-nine percent of precursor-B-ALL did not contain any Ig light chain rearrangements (category A) ( Table 3) . IGK rearrangements without IGL rearrangements (category B) were found in 13% of the precursor-B-ALL. Category C was approximately 34% in the total group of precursor-B-ALL, as well as in the common and pre-B-ALL subgroups. Only 4% showed rearrangements in both Ig light chain loci (category D) without IGK deletions. The frequency of precursor-B-ALL cases showing IGL rearrangements with at least one IGK deletion (category E) was higher, being 14%. The highest frequency was observed in common ALL (18%). The last category (F), showing IGL rearrangements without any IGK Table 2 IGK and IGL gene configurations as determined by Southern blot analysis in the three separate subgroups pro, common, and pre-B-ALL and the total number of precursor-B-ALL IGK gene configuration IGL gene configuration
Total precursor-B-ALL n ϭ 169 (%) (deletional) rearrangement appeared to be small with frequencies of 6%, 2% and 5% in common, pre-B and precursor-B-ALL, respectively. One out of six pro-B-ALL cases had a single IGL rearrangement.
The precursor-B-ALL series was further divided based on oligoclonality at the IGH locus, to see whether Ig light chain recombination patterns are influenced by the presence of oligoclonality at the IGH locus (lower part of Table 3 ). Oligoclonality might hamper the assignment of rearrangements as belonging to the same clone. No statistically significant differences were found in the Ig light chain recombination categories between precursor-B-ALL with and without IGH oligoclonality. Figure 1 summarizes the relative frequencies of the IGK/IGL gene rearrangement categories of precursor-B-ALL as compared to CBL.
Relation between in-frame IGH gene rearrangements and the occurrence of Ig light chain gene rearrangements
Thirteen common ALL and 10 pre-B-ALL with or without Ig light chain gene rearrangements were randomly selected for sequencing of the IGH, IGK and IGL gene rearrangements. Figure 2 shows the Southern blot analysis of the IGH loci of 12 out of the 13 analyzed common ALL patients. Oligoclonal bands were only present in patient 5289. In the 13th patient no oligoclonality was found either (data not shown). Based on the lack of oligoclonality in these 12 common ALL cases, we could reliably assign heavy and light chain rearrangements as belonging to the same clone. The frame of the Ig heavy and light chains gene rearrangements of the common ALL and pre-B-ALL samples are summarized in Table 4 . All rearranged alleles, except for one IGK gene rearrangement, could be identified and no somatic mutations were found in any of the IGH, IGK and IGL gene rearrangements. In six of the 13 studied common ALL at least one in-frame IGH rearrangement was found, whereas in all 10 pre-B-ALL an in-frame rearrangement was present, which was expected based on the fact that pre-B-ALL express cytoplasmic Ig molecules. No relationship was found between the presence of an in-frame IGH rearrangement and the presence or absence of IGK or IGL gene rearrangements in common ALL. In two pre-B-ALL, but also in one common ALL, an in-frame Ig light chain rearrangement was found in addition to an in-frame IGH rearrangement. RT-PCR analysis followed by heteroduplex analysis showed that these Ig light chain gene rearrangements were not transcribed, reflecting a block in differentiation. This might explain that no surface Ig expression was found in pre-B-ALL, despite the fact that in-frame IGH, as well as in-frame IGK or IGL gene rearrangements were present.
Relation between frame of V-J rearrangements and occurrence of IGL rearrangements
The Southern blot data of IGK and IGL genes show that in 95% of cases rearrangements in the IGK locus took place before IGL rearrangements. To determine whether the frame of V-J rearrangements influences this process, the V-J rearrangements of cases with concurrent IGK and IGL gene rearrangements (categories D and E) were analyzed. Thirteen of the 30 cases (43%) of categories D and E showed at least one IGK rearrangement, whereas DNA was available in eight of them. In six samples V-J rearrangements were out-offrame, but two were in-frame. This shows that IGL rearrangements can occur in the presence of both out-of-frame or inframe V-J rearrangements.
Discussion
In this study we investigated whether precursor-B-ALL can be used as a 'single cell' model system for precursor-B-cell differ- Table 3 Frequencies of the six Ig light chain gene configuration categories given in percentages No statistical differences between the frequencies in oligoclonal and monoclonal precursor-B-ALL.
Figure 1
Relative frequencies of the IGK/IGL gene rearrangement categories of precursor-B-ALL as compared to CBL. See Table 3 for definition of the six categories. entiation, with respect to the immunoglobulin gene status. The immunogenotype of all six IGH, IGK and IGL alleles was carefully evaluated in the three precursor-B-ALL subgroups: pro-B-ALL, common ALL and pre-B-ALL.
During normal human B cell differentiation the recombination process is assumed to start at the pre-B-I cell stage with rearrangements in the IGH locus followed by Ig light chain recombinations in the pre-B-II cell stage. In all three subgroups of precursor-B-ALL IGH gene rearrangements were observed. Moreover, IGK and IGL gene rearrangements were not restricted to pre-B-ALL, but were found in all three subgroups as well. From these data we conclude that the immunogenotypes of pro-B-ALL, common ALL and pre-B-ALL might not completely reflect the immunogenotypes of their normal counterparts. One possible explanation is that the recombinase enzyme system is continuously active before diagnosis in precursor-B-ALL. 8, 9 Such prolonged recombinase activity might also affect clonal evolution after diagnosis, resulting in differences in rearrangement patterns between diagnosis and relapse. [18] [19] [20] However, a more likely explanation for the differences observed between genotypes in normal vs malignant precursor-B cells, is the lack of proper selection for functionality of the rearrangements due to the malignant status of the cell. We therefore believe that precursor-B-ALL rather con-
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Figure 2
Southern blot analysis of IGH rearrangements of 12 of the 13 common ALL patients that were randomly selected for sequencing of IGH, IGK and IGL gene rearrangements. DNA was digested with Bg/II and hybridization was performed with the IGHJ6 probe. All patients, except for patient 5289, only show monoclonal bands. stitute a model system for studying Ig recombination processes without selection for functionality of the rearrangements, based on Ig protein expression and without the influence of somatic hypermutations. The latter was proven by the absence of somatic mutations in 68 sequenced V H -J H rearrangements.
IGH gene rearrangements were identified in all precursor-B-ALL. In 10% of cases monoallelic IGH deletions and in 2% of cases even biallelic IGH deletions were identified with Southern blot analysis. The occurrence of these IGH deletions has been reported before, 17, 21, 22 but the underlying mechanism is unknown and could not be explained by loss of chromosome 14. About 30% of all precursor-B-ALL, had both IGK and IGL alleles in germline configuration. This confirms the notion that IGH rearrangements precede Ig light chain recombination. In 39% of the precursor-B-ALL series oligoclonal IGH rearrangements were found, which most probably have resulted from ongoing rearrangements during the expansion phase after the final malignant hit. However, as the IGK and IGL gene configurations patterns did not differ significantly Table 4 Randomly selected series of common ALL and pre-B-ALL studied by PCR and sequencing to determine the frame of the IGH and IGK or IGL gene rearrangements between oligoclonal and monoclonal precursor-B-ALL, we do not believe that ongoing rearrangements very much influenced the observed IGK and IGL configuration patterns.
To determine whether a relation exists between in-frame IGH gene rearrangements and the occurrence of Ig light chain gene rearrangements, a randomly selected series of 23 precursor-B-ALL (13 common ALL and 10 pre-B-ALL) was completely analyzed. As pre-B-ALL express CyIg, they have an in-frame IGH rearrangement. Therefore, it was not surprising to find Ig light chain rearrangements in pre-B-ALL. However, also in common ALL which do not have CyIg expression, Ig light chain gene rearrangements were present, independent of the frame of the IGH rearrangements. So, Ig light chain gene rearrangements do not require the presence of an in-frame IGH gene rearrangement.
In a previous study on CBL, we found a hierarchical order in Ig light chain rearrangements: IGK rearrangements before IGK deletions and IGL rearrangements. This ordered model was used for defining the categories of IGK and IGL gene configuration patterns (see Table 3 and Figure 1) . A strictly ordered model would be described by categories A, B and E. Category D (IGK and IGL rearranged without IGK deletions) was added for CBL, because the ordered model appeared to be not completely strict, as IGL rearrangements can occur without prior IGK deletions. This was explained by a less strict regulation of IGL locus accessibility. In CBL categories B and E were 44% and 55%, respectively, and category D was 1%, whereas category A logically did not exist (Figure 1) .
Here, category C was introduced as an exceptional category containing cases with only IGK deletions, but without any IGL rearrangement. As CBL have been selected during their differentiation process for having a functional Ig light chain gene rearrangement, category C logically does not exist in CBL. In precursor-B-ALL, however, this category was rather large comprising 34%. In these cases IGK was accessible for recombination, which proceeded until an end-stage had been reached. IGK deletions mediated via V-Kde or intronRSS-Kde rearrangements are regarded as end-stage rearrangements, because they preclude further IGK rearrangements. [23] [24] [25] One could argue whether category C fits in the ordered model, because cases belonging to this category do not have V-J rearrangements without an intron-Kde rearrangement on the same IGK allele or V-J rearrangements. However, the Ig light chain gene rearrangement process started at the IGK locus and one would expect that in these cases normally the IGL locus would rearrange. This 'delay' in IGL gene rearrangements might be explained by an overall limited IGL locus accessibility, reflected by the low frequency of IGL rearrangements in the total group of precursor-B-ALL (23%). Due to the block in differentiation, the germline transcription of the IGL locus might not have been started. Category C might also exist in normal bone marrow differentiation, although the timeframe that a differentiating B cell remains in this stage might be rather short. Cases belonging to category F, having IGL gene rearrangements in the absence of IGK gene rearrangements or deletions, definitely do not fit in the ordered model. However, this category was found in only 5% in precursor-B-ALL, and was not observed in CBL.
The precursor-B-ALL data generally show a hierarchy in rearrangements of the three Ig loci (IGH, IGK and IGL). However, there is no causal relationship in this hierarchy, because functional IGH rearrangements are not necessarily required for the induction of Ig light chain rearrangements. Likewise, the IGK rearrangement does not necessarily have to be outof-frame before IGK deletion or IGL rearrangement can be initiated. Precursor-B-ALL therefore constitute a model system to study the Ig recombination process itself without any form of selection for the functionality of the rearrangements, because of the malignant status of the cell that results in block of differentiation. So, the Ig gene recombination process follows a certain hierarchy, which is most probably based on ordered accessibility of the Ig loci. During normal precursor-B-cell differentiation functional rearrangements would result in (surface) protein expression upon which further selection of precursor-B cells takes place. This selection includes up-and down-regulation of expression of the recombinase enzymes, mediating subsequent Ig gene rearrangements. Although such selection mechanisms are absent in our precursor-B-ALL model system, the hierarchy of IGH, IGK and IGL recombination remains apparent.
Based on the combined data, we believe that the Ig gene recombination process can be divided into two parts, the first being hierarchy in accessibility of the Ig loci and the second being selection based on Ig protein expression, which is responsible for regulation of the recombinase enzyme system. This is confirmed by recent studies in which transcription factor-induced accessibility of antigen receptor loci and recombinase activity are the two only prerequisites for inducing V(D)J recombination. [26] [27] [28] However, a definite answer to this question should come from single cell PCR studies on sorted precursor-B cells, similar as has been performed on naive B cells. 29 Such studies should reveal whether hierarchical accessibility is an important contributor to Ig light chain recombination patterns in early B cell differentiation.
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